We also found that the activity in these areas was modulated by the satiation level of monkeys, 48 which also occurred more frequently in VP than in rmCD. The information regarding reward-size 49 and satiation-level was independently signaled in the neuronal populations of these areas. The data 50 thus highlighted the neuronal coding of key variables for goal-directed behavior in VP. Furthermore, 51 pharmacological inactivation of VP induced more severe deficit of goal-directed behavior than 52 inactivation of rmCD, which was indicated by abnormal error repetition and diminished satiation 53 effect on the performance. These results suggest that VP encodes incentive value and internal drive, 54
Introduction 67
Motivational control over the purposeful action, or goal-directed behavior, is essential for gaining 68 reward from an environment through knowledge about the association between action and its 69 consequence (Dickinson, 1985; Dickinson and Balleine, 1994) . Impairment of motivational control 70 In the present study, we aimed to elucidate the contribution of VP and rmCD to the control of 97 goal-directed behavior. To address this, we analyzed the single-unit activities of these two areas 98 while macaque monkeys performed an instrumental lever-release task, in which a visual cue 99 indicated the forthcoming reward size (Minamimoto et al., 2009). As this task design permits us to 100 infer the impact of incentive value (i.e., reward size) and internal drive (i.e., satiation level of 101 monkeys) on performance, we assessed the neuronal correlate of the two factors, and compared 102 neuronal coding between the two areas. With a population-level comparison, we found that the 103 coding of reward size and satiation level in VP was greater than that in rmCD. Pharmacological 104 inactivation of VP further examined the causal contribution of the neuronal activity to goal-directed 105 action. Our results suggest a central role of VP in motivational control of goal-directed behavior and 106 may provide implication for the neural mechanism of addictive disorders. 107
Four male rhesus monkeys (Macaca mulatta, 5.7-7.2 kg) were used in this study. Two were used for 111 neuronal recording (monkeys TA and AP), and the other two were used for local inactivation 112 experiments (monkeys RI and BI). Monkey RI was also used in the previous rmCD inactivation 113 study (Nagai et al., 2016) . All surgical and experimental procedures were approved by the Animal 114
Care and Use Committee of the National Institutes for Quantum and Radiological Science and 115
Technology and were in accordance with the guidelines published in the NIH Guide for the Care and 116
Use of Laboratory Animals. 117 118
Behavioral task 119
The monkeys squatted on a primate chair inside a dark, sound-attenuated, and electrically shielded 120 room. A touch-sensitive lever was mounted on the chair. Visual stimuli were displayed on a 121 computer video monitor in front of the animal. Behavioral control and data acquisition were 122 performed using a real-time experimentation system (REX) (Hays Jr et al., 1982) . Presentation 123 software was used to display visual stimuli (Neurobehavioral Systems Inc., Berkeley, CA). 124
All four monkeys were trained to perform the reward-size task (Minamimoto et al., 2009) ( Fig.  125 1a). In each of the trials, the monkey had the same requirement to obtain one of four sizes of liquid 126 chambers and a head fixation device under general isoflurane anesthesia (1-2%). The angles of the 147 chamber(s) were vertical (monkeys TA, AP, and BI) or 20° tilted from the vertical line (monkey RI) 148 in the coronal plane. Prior to surgery, overlay magnetic resonance (MR) and X-ray computed 149 tomography (CT) images were created using PMOD image analysis software (PMOD Technologies 150
Ltd, Zurich, Switzerland) to estimate the stereotaxic coordinates of the target brain structures. MR 151 images at 7T (Bruker Corp., Billerica, MA) and CT images (3D Accuitomo170: J. Morita Corp., 152
Osaka, Japan) were obtained under anesthesia (propofol 0.2-0.6 mg/kg/min, i.v.). 153
154

Neuronal recordings 155
Single-unit activity was recorded from monkeys TA and AP while they performed the reward-size 156 task. We analyzed all successfully isolated activities and held at least 10 trials for each reward 157 condition. Action potentials of single neurons were recorded from VP and rmCD using a 158 glass-coated 1.0 MΩ tungsten microelectrode (Alpha Omega Engineering Ltd., Nazareth, Israel). A 159 guide tube was inserted through the grid hole in the implanted recording chamber into the brain, and 160 the electrodes were advanced through the guide tube by means of a micromanipulator (MO-97A: 161 Narishige Co., Ltd., Tokyo, Japan). Spike sorting to isolate single neuron discharges was performed 162 with a time-window algorithm (TDT-RZ2: Tucker Davis Technologies Inc., Alachua, FL). The timing 163 of action potentials was recorded together with all task events at millisecond precision. 164
For the VP recordings, we targeted the region just below the anterior commissure (AC) in the +0-1 165 mm coronal plane ( Fig. 2a ). VP neuron was characterized by high spontaneous firing rate with 166 phasic discharge to the task events (Tachibana and Hikosaka, 2012). For the rmCD recordings, we 167 targeted the area within 2-4 mm laterally and 2-7 mm ventrally from the medial and upper edge of 168 the caudate nucleus, in the +4-5 mm coronal plane (Fig. 2b ). The rmCD neurons were classified into 169 three subtypes based on the electrophysiological criteria (Aosaki et al., 1995; Yamada et al., 2016) . 170
The presumed medium-spiny projection neurons (PANs: phasically-active neurons) were 171 characterized by low spontaneous firing and phasic discharge to the task events, while the presumed 172 cholinergic interneurons (TANs: tonically-active neurons) were characterized by broad spike width 173 (valley-to-peak width) and tonic firing around 3.0-8.0 Hz. The presumed parvalbumin-containing 174
GABAergic interneurons (FSNs: fast-spiking neurons) was characterized by narrow spike width and 175 relatively higher spontaneous firing than other types of caudate neurons. A spike-width analysis was 176 performed using the Off-line sorter (Plexon, Dallas, TX). 177
To reconstruct the recording location, electrodes were visualized using CT scans after each 178 recording session, and the positions of the tip were mapped onto the MR image using PMOD. 179
Muscimol microinjection 181
To achieve neuronal silencing, GABAA agonist muscimol (Sigma-Aldrich Co., St. Louis, MO) was 182 injected bilaterally into the VP (monkeys RI and BI) using the same procedures as reported 183 previously (Nagai et al., 2016). We used two stainless steel injection cannulae inserted into the 184 caudate (O.D. 300 µm: Muromachi-Kikai Co. Ltd., Tokyo, Japan), one in each hemisphere. Each 185 cannula was connected to a 10-µL microsyringe (#7105KH: Hamilton Company, Reno, NV) via 186 polyethylene tubing. These cannulae were advanced through the guide tube by means of an oil-drive 187 micromanipulator. Muscimol (3 µg/1 µL saline) was injected at a rate of 0.2 µL/min by auto-injector 188 (Legato210: KD Scientific Inc., Holliston, MA) for a total volume of 2 µL in each side. The 189 behavioral session (100 min) was started soon after the injection was finished. We performed at most where E and R denote error rate and reward size, respectively. Parameter c is a monkey-specific 215 parameter that represents reward-size sensitivity. f(Rcum) denotes the reward discounting function, 216 which was modeled as follows: 217
(2), 218
where Rcum is a normalized cumulative reward in a session (0-1), and λ is a monkey-specific 219 parameter that represents the steepness of reward discounting. 220
For neuronal data analysis, three task periods (cue period: 100-700 ms after cue on, pre-release 221 period: 0-300 ms before lever release, reward period: 0-300 ms after reward delivery) and the 222 baseline period (ITI: 0-500 ms before cue on) were defined. A neuron was classified as reward-size 223 coding neuron when the firing rate during the task period was significantly modulated by reward size 224 (main effect of reward size p < 0.05, one-way ANOVA) and linearly reflected reward size (p < 0.05, 225 linear regression analysis). Neurons that showed positive or negative correlation were classified as 226 positive or negative reward-size coding neurons, respectively. 227
To quantify the time course of reward-size coding, the effect size (R squared) in a linear 228 regression analysis with reward-size was calculated for every 100-ms window shift in 10-ms steps. 229
Coding latency was defined as the duration between the cue onset and the time at which the first of 230 three following consecutive 100-ms test intervals showed a significant reward-size effect (p < 0.05). 231
Peak effect size was defined as the maximum effect size of individual neurons. Average coding 232 latency and peak effect size were compared between VP and rmCD by Wilcoxon rank-sum test. 233
The effect of reward size and satiation level on firing rate during the task periods was also 234
where Y is the firing rate, R is the reward size, S is the satiation level, β1 and β2 are the regression 237 coefficients, and r is a constant. Satiation level was inferred using equation (2) with the individual 238 parameter λ derived from behavioral analysis. Neurons were classified into reward-size and 239 satiation-level coding neurons if they had a significant correlation coefficient (p < 0.05) with each 240 variable. A neuron was classified as a motivational-value coding neuron, when a neuron had a 241 significant positive reward-size coefficient and negative satiation-level coefficient, or vice versa. The 242
proportion of each type of neuron in the neuronal population (VP and rmCD) was calculated for each 243 of the task periods, and compared between VP and rmCD using Wilcoxon rank-sum test with a 244 threshold of statistical significance set by Bonferroni correction (alpha = 0.05/4). The proportion of 245 motivational-value coding neurons was further compared to that of pseudo-motivational-value 246 coding neurons, which were calculated by multiplying the proportion of neurons that coded satiation 247 level and reward size orthogonally; this calculated the dual coding of two items of information by 248 chance (i.e., joint probability). 249
For behavioral analysis of muscimol microinjection effects, the data obtained from two monkeys 250 (monkeys RI and BI) were used for VP inactivation, while the data obtained from two monkeys 251 (monkeys RI and RO) for rmCD inactivation (Nagai et al., 2016) were used for comparison. The 252 dependent variables of interest were the change of error rate and early-error rate from the control 253 session. The early-error rate was calculated by dividing the number of early error trials by that of 254 total error trials (i.e., the sum of early and late error trials). RTs and lever-grip time in the first and 255 latter halves of sessions were also compared to assess the effects of satiation in control and 256 muscimol sessions. Because VP inactivation induced similar effects in the two monkeys (monkeys 257 BI and RI) regarding the elevation of error rate, the data were pooled across monkeys and compared 258 to rmCD inactivation by Wilcoxon rank-sum test. 259
260
Results 261
Behavioral performance reflected reward size and satiation level 262
Two monkeys (TA and AP) learned to perform the reward-size task, in which unique visual cues 263 provided information of the upcoming reward size (1, 2, 4, 8 drops of liquid; Fig. 1a and b). For both 264 monkeys, error rate reflected reward size, such that the monkeys made more error responses 265 (premature release or too-late release of the lever) when small rewards were assigned (Fig 1c) . Error 266 rate also reflected the satiation level, such that the error rate increased according to reward 267 accumulation ( Fig. 1d ). Two-way repeated-measures ANOVAs (reward size: 1, 2, 4, 8 drops × 268 cumulative reward: 0.125, 0.375, 0.625, 0.875) confirmed the significant effects of reward prediction 269 and satiation on the behavioral performance (main effects of reward size and cumulative reward, and 270 their interaction, p < 0.01, F > 11). As reported previously, the error rates were explained by a model 271 in which the expected reward size was multiplied by an exponential decay function according to The reaction time (RT) also changed in association with reward size and satiation level, such that 275 the monkeys had a slower reaction for a smaller reward and when they had accumulated large 276 amounts of rewards. Two-way repeated-measures ANOVAs revealed significant main effects of 277 reward size and cumulative reward, and their interaction on RT (all p < 0.01, F > 3.5). The lever-grip 278 time also changed according to the satiation level, such that the monkey tended to slowly grip the 279 lever to initiate a trial in the later stage of a session. One-way repeated-measures ANOVAs revealed 280 significant main effect of cumulative reward (p < 0.01, F = 102). Together, these results suggest that 281 the monkeys adjusted their motivation of the action based on the incentive value (i.e., expected 282 reward size) and the internal drive (i.e., current satiation level). 283 284
Task-related activity of VP and rmCD neurons 285
While monkeys TA and AP performed the reward-size task, we recorded the activity of 102 neurons 286 Because the characteristics of neuronal activity among the three subtypes in rmCD were not 293 significantly different in terms of value coding (i.e., reward-size and satiation-level coding) (p > 0.53, 294 two-sample Kolmogorov-Smirnov test), we decided to treat them as a single population for the 295 subsequent analyses. We will also report the results from PANs to ensure that the same conclusions 296 would be reached. 297 298
Neuronal activity in VP and rmCD reflected reward-size 299
We first examined how the incentive value is represented in VP and rmCD neurons. The first VP neuron example increased its activity after the largest reward (8 drops) cue, but 302 decreased after smaller (1, 2, 4 drops) ones (Fig. 3a) . The firing rate was positively correlated with 303 the reward size (p < 0.01, r = 0.49, linear regression analysis, Fig. 3a, right) , and therefore this 304 neuron exhibited positive reward-size coding in this period. In another VP neuron example, the firing 305 rate during the cue period became lower as a larger reward was expected (p < 0.01, r = -0.52, linear 306 regression analysis), and thus this neuron exhibited negative reward-size coding (Fig. 3b) . Similarly, 307
we found that some rmCD neurons linearly encoded reward size during the cue period ( Fig. 3c and 308 d). 309 310 VP had stronger reward-size coding than rmCD 311
We found significant linear reward-size modulation on the activity of at least one task period of the 312 majority of VP neurons (68/102) (p < 0.05, linear regression analysis). The proportion was 313 significantly larger than the proportion of reward-size coding neurons in rmCD (46/106; p < 0.01, χ 2 314 = 10, chi-square test). In rmCD, a large part of reward-size coding was observed in PANs (31/46). 315
Reward-size coding was mainly observed during the cue period in both areas (VP 63/68, rmCD 316 40/46). On population activity, both VP and rmCD clearly showed both types of linear reward-size 317 coding during the cue period ( Fig. 3e-g) . During release or reward periods, however, linear 318 reward-size coding was less clear. 319
To quantify reward-size coding, we computed the effect size (R squared) of activity in the sliding 320 window (100 ms bin, 10 ms step) for each of the recorded neurons ( Fig. 4a and b) . in VP and rmCD, respectively. In both areas, the effect size rapidly and transiently increased after 323 cue presentation, for both positive and negative coding neurons ( Fig. 4c and d) . The peak effect size 324 of VP neurons (0.23 ± 0.016, median ± SEM) was significantly larger than that of rmCD neurons 325 (0.14 ± 0.018) (p < 0.01, df = 101, rank-sum test) and that of PANs (0.14 ± 0.027, n = 26, p = 0.018, 326 df = 87). Taken together, both VP and rmCD neurons exhibited reward-size modulation mainly after 327 cue presentation, in which the former showed a stronger modulation in terms of the proportion of 328 neuron and effect size. 329 330
Reward-size coding emerged earlier in VP than in rmCD 331
We compared the time course of reward-size coding after cue in two populations (VP, n = 63; rmCD, 332 n = 40). The latency of reward-size coding of VP neurons was significantly shorter than that of 333 rmCD neurons (VP 115 ± 17 ms, rmCD 225 ± 20 ms, median ± SEM; p < 0.01, df = 101, rank-sum 334 test). Positive coding occurred earlier in VP than in rmCD (VP 100 ± 19 ms, rmCD 250 ± 27 ms, p < 335 0.01, df = 66, Fig. 5a and b), whereas the difference did not reach significance for negative coding 336
(VP 150 ± 37 ms, rmCD 200 ± 29 ms, p = 0.48, df = 33, Fig. 5c and d) . 337
If rmCD is the primary source for providing reward information to VP, the projection neurons (i.e., 338
PANs) in rmCD would encode reward size earlier than VP neurons. However, the latency of 339 reward-size coding of VP neurons was again shorter than that of PANs (VP 115 ± 17 ms, PANs 190 340 ± 25 ms, p = 0.049, df = 87). These results suggest that rmCD cannot be the primary source for the 341 reward-size coding in VP. 342
Encoding of satiation level in VP and rmCD 344
As shown above, the monkeys' goal-directed behavior (i.e., error rate) is affected by internal drive 345 (i.e., satiation change) as well as incentive value (Fig. 1d ). We found that some neurons changed 346 their firing rate according to the satiation level. For instance, a VP neuron decreased its activity after 347 the cue with reward-size (negative reward-size coding), while the decrease became smaller 348 according to reward accumulation ( Fig. 6a-c) . This was not due to changes in isolation during a 349 recording session as confirmed by unchanged spike waveforms (Fig. 6d) . In another example rmCD 350 neuron, the firing rate in the cue period was positively related to reward size and negatively related 351 to reward accumulation ( Fig. 6e-h) . 352
To assess how satiation level and reward size were encoded in VP and rmCD, we performed a 353 multiple linear regression analysis on the activity during each of four task periods (ITI, cue, 354 pre-release, reward). For this analysis, the satiation level was inferred using the model with 355 monkey-specific parameter λ that explained individual behavioral data (Fig. 1d , see Materials and 356 Methods). Fig. 7a shows scatter plots of standardized regression coefficient for satiation level and 357 reward size for the activity during the cue period of individual neurons in VP and rmCD. The 358
proportion of satiation-level coding neurons during the cue period was not significantly different 359 between the two areas ( Fig. 7b left; p = 0.28, χ 2 = 1.2, chi-square test). In the other task periods, 360 however, this proportion was significantly larger in VP than in rmCD (p < 0.05 with Bonferroni 361 correction, rank-sum test) ( Fig. 7b left) . In contrast, the proportion of reward-size coding neurons in 362 VP was larger than that in rmCD for the cue period (p < 0.01, χ 2 = 11), but not for the other task 363 periods (p > 0.05 with Bonferroni correction) ( Fig. 7b center) . A similar tendency was found when 364
we compared VP and PANs; satiation-level coding was more frequent in VP than in PANs during the 365 ITI, pre-release, and reward periods (p < 0.05), while reward-size coding tended to be more frequent 366
in VP than in PANs during the cue period (p = 0.10, χ 2 = 2.7). These results suggest that satiation 367 level and reward size were encoded in different time courses throughout the trial in VP and rmCD, 368 and both were strongly signaled in VP. 369
By definition, motivational value increases as expected reward size increases, and as satiation 370 defined as a neuron that showed positive reward-size coding and negative satiation-level coding, or 372 vice versa (Fig. 7a , yellow areas; see Fig. 6 for examples). We found some motivational-value 373 coding neurons during cue, pre-release and reward periods in both areas (Fig. 7b right) . However, 374 the proportion was not significantly larger than that of neurons by chance coding both satiation level 375 and reward size in the opposite direction (all P > 0.05, chi-square test). This result suggests that 376 reward size and satiation level were not systematically integrated, but were independently signaled 377 in VP and rmCD. 378
Previous study demonstrated that bilateral inactivation of rmCD by local injection of the GABAA 381 receptor agonist muscimol diminished reward-size sensitivity (Nagai et al., 2016) as indicated by an 382 increase in the error rate of reward-size task especially in larger reward-size trials (Fig. 8a) , 383
supporting that the neuronal activity in rmCD is essential for controlling goal-directed behavior 384 based on the expected reward size. 385
To examine how VP contributes to the control of goal-directed behavior, we injected muscimol 386 into bilateral VP (3 µg/µL, 2 µL/side) of two monkeys (monkeys BI and RI) and tested them with 387 reward-size task. CT images visualizing the injection cannulae confirmed the sites of muscimol 388 injection; they were located in the VP matching the recording sites ( Fig. 8b ; see Fig. 2a for 389 comparison). Bilateral VP inactivation significantly increased the error rate regardless of reward size 390 (main effect of treatment, p < 0.01, F(1, 17) = 449.7, repeated measures ANOVA, Fig. 8c ). The 391 increase in error rate by VP inactivation was significantly greater than that by rmCD inactivation 392 (data pooled across monkeys, p < 0.01, df = 18, rank-sum test). After VP inactivation, the monkeys 393 frequently released the lever before the go signal appeared, or even before red or cue came on, and 394 thereby increased the proportion of early errors (p < 0.01, df = 16, rank-sum test; Fig. 8d left) and 395 error repetition (p < 0.01, df = 16, Fig. 8d right) . The error pattern changes were not observed after 396 rmCD inactivation (p > 0.47, df = 22, Fig. 8d ). Because VP inactivation did not decrease, but rather 397 increased the total number of trials performed (control 922 ± 132 trials; VP inactivation 1464 ± 153 398 trials; mean ± SEM), increases in error rate were not simply due to a decrease of general motivation 399 or arousal level. Unlike error rates, VP inactivation did not change RTs overall (main effect of 400 treatment, p = 0.15, F(1, 17) = 2.2, repeated measures ANOVA), suggesting that increases in error rate 401
were not simply due to motor deficits. In control condition, both RTs and lever-grip time were 402 extended in the latter half of a session, reflecting satiation-induced decreases in motivation (p < 403 0.025, df = 20, rank-sum test; Fig. 8e ). By contrast, both RTs and lever-grip time were insensitive to 404 satiation after VP inactivation (p > 0.40, df = 16, rank-sum test, Fig. 8e ), suggesting abolished In the present study, we examined the activity of VP and rmCD neurons during goal-directed 411 behavior controlled by both incentive value (i.e., reward size) and internal drive (i.e., satiation level). 412
We found that reward-size coding after a reward-size cue was stronger and earlier in VP neurons 413 than in rmCD neurons. We also found that satiation-level coding was observed throughout a trial, 414 and appeared more frequently in VP than in rmCD neurons. In both areas, information regarding 415 reward size and satiation level was not systematically integrated into a single neuron but was The present results, however, highlighted the more prominent role of VP in signaling incentive 434 information for goal-directed behavior. We found that neuronal modulation by expected value was 435 stronger and more frequent in VP neurons than in rmCD neurons. Also, the coding latency of VP 436
neurons was significantly shorter than that of rmCD projection neurons (PANs). These results 437 suggest that VP signals incentive value that does not primarily originate from rmCD. This suggestion 438 may also extend to the limbic striatum, given the previous finding of similar earlier incentive 439 signaling in VP than in the nucleus accumbens in rats (Richard et al., 2016) . 440
441
The proportion of linear incentive-value coding neurons in VP (67%) was comparable to that of 442 dopamine neurons, which was previously reported to cover 50-70% of neurons in monkeys (Schultz, 443 1998; Satoh et al., 2003; Matsumoto and Hikosaka, 2009 ). This appears to be prominent among 444 other brain areas; in other studies using choice paradigm for neuronal recording in monkeys, value The causal contribution of value coding in VP was examined by an inactivation study. We found that 481 bilateral inactivation of VP increased premature errors irrespective of incentive conditions and 482 attenuated satiation effects without general motor impairments or decrease of general motivation. 483
The present results together with the previous study support the view that the value coding of VP 484 contributes to the motivational control of goal-directed behavior (Tachibana and Hikosaka, 2012). 485
Another mechanism is also possible, such as, that suppressing general high neuronal activity in VP 486 neurons including dopamine neurons by a disinhibition mechanism, and thereby abnormally 
